Abstract: In the paper, a report on the rational design of the calixarene receptors bearing ligating, H-donor, H-acceptor fragments at the wide and/or narrow rim of the macrocycle is presented. The calixarenes form supramolecular complexes with various cations, anions, organic molecules, and biomolecules in solution, in the crystalline state and even in the gas phase. The calixarenes or their complexes can be used as materials for radionuclide extraction, construction of chemosensors, and drug design.
INTRODUCTION
Calixarenes are macrocyclic vases which are easily available through the cyclocondensation of parasubstituted phenols with formaldehyde [1, 2] . Calixarenes are widely used as molecular platforms for the construction of specific receptors capable of highly selective recognition between fairly similar substrates. Apparently, the outstanding receptor properties of functional calixarenes make them highly promising materials for sensor technology [3] , radioactive waste management [4] , pharmaceutical science [5] , and analytical application [6] [7] [8] .
The present paper summarizes the results of the project devoted to the molecular design of calixarene receptors and their complexation with various substrates. The objective of the research was the design and synthesis of highly selective receptors for ecologically hazardous and biologically problematic cations, anions, and neutral molecules and their practical application. The objects of the studies were calix[n]arenes (n = 4, 5, 6, 8), calixresorcinarenes, and thiacalixarenes. The strategy of the molecular design consisted of the preorganization of various N-, O-, S-, and P-containing binding fragments at the calixarene platforms, which could result in a high efficiency and selectivity of the complexation. The list of publications on the synthesis of the calixarene receptors and the library of the compounds obtained within the project can be found at <www.ioch.kiev.ua/calix>.
CATION RECEPTORS
In order to obtain efficient and selective cation receptors, the parent calixarenes were functionalized with phosphoryl-containing ligating functional groups. For example, the calix [4] arene bearing four phosphoryl groups at the narrow rim of the macrocycle selectively binds Li + in the presence of Na + , K + , Cs + , and NH 4 + ( Fig. 1 ) [9] . The calculated K aLi _/K aNa selectivity 9.5 is among the highest values for the calixarene-based Li selective receptors reported to date. Molecular mechanics calculations show that the size of the cavity formed by the cationoacceptor oxygen atoms of the phosphoryl and phenolic groups is the most suitable for binding Li + , whereas the larger cations cannot be efficiently hosted.
In order to obtain receptors for multicharged cations, we have obtained calixarenes bearing cationoacceptor groups such as phosphine oxide, carbamoylphosphine oxide, and diphosphine dioxide at the wide rim of the macrocycle [10] [11] [12] . Molecular modeling has suggested that all the oxygen atoms of the pendant ligating groups could cooperatively bind the metal cation (Fig. 2) .
The results of theoretical studies correlate well with the experimental results. For instance, the calixarene tetraphosphine oxides are much more efficient extractants for Eu 3+ and Am 3+ than such industrial reagents as carbamoylphosphine oxide and trialkylphosphine oxide.
The calixarenes containing four bidentate carbamoylphosphine oxide and diphosphine dioxide groups are even more efficient extractants than the calixarenes-tetraphosphine oxides. It is noteworthy that carbamoylphosphine oxides are capable of selectively extracting Am 3+ in the presence of Eu 3+ (Fig. 3) . Monomeric and polymeric 1:2 complexes of the calix [4] arene-tetraphosphine oxide with Co 2+ or Ni 2+ nitrates were synthesized and analyzed by the X-ray method [13] . In the monomeric complexes, each metal cation is coordinated by two bidentate NO 3 -ligands as well as by two proximal P=O groups at the calixerene skeleton. In the nickel metallopolymer one sort of the cations is bound by the two proximal P=O-groups but other cations link neighboring calixarene molecules through P=O … Ni … O=P chains. The complexes possess molecular cavities or channels filled by solvent molecules.
Transition metals, the metals of platinum group, Au, and Ag are efficiently bound by the calixarenes functionalized with soft N-and S-containing ligating functions [14] [15] [16] . For instance, the calixarenethioethers are 100-1000 times more efficient extractants of Pd than the monodentate dialkylsulfides (Fig. 4) .
The calixarene bearing four tetrazole fragments at the wide rim of the macrocycle forms the solid complex with PdCl 2 (Fig. 5) [17] . The X-ray diffraction study revealed that in this complex two Pd atoms link two molecules of the tetrazolecalixarene through the coordination with the nitrogen atoms of the tetrazole rings. 
ANION RECEPTORS
Molecular recognition of anions is an important topic in supramolecular chemistry and sensor technology since anions play a crucial role in many biochemical processes and in chemical technology [18] [19] [20] [21] . Four carbamide functions were attached to the narrow rim of the macrocycle in order to achieve strong and selective binding of halide anions through multiple and cooperative hydrogen bonding (Fig. 6 ) [22] .
The chiral calixarene carbamides, bearing two fragments of L-Ala are capable of stereoselective binding the anion forms of amino acids (Fig. 7) [23] . For example, D-phenylalanine anion is bound four times stronger than its L-enantiomer. 
RECEPTORS FOR ORGANIC COMPOUNDS AND BIOLOGICALLY RELEVANT MOLECULES
We obtained new calixarene receptors which bind various organic molecules in the crystalline state and in solution. The calixarene functionalized with two quinazolinone fragments includes one molecule of methanol (Fig. 8a) [24] the methyl group of which is residing in the cavity of the calixarenes most probably due to the C-H...π bonds with the aromatic rings. On the other hand, the OH group of the methanol molecule forms a hydrogen bond to the carbonyl group of the quinazolinone fragment. The crystal packing of the methanol complex is shown in Fig. 8b .
The calix [4] arene derivatives bearing two or four dihydroxyphosphoryl groups form stable host-guest complexes with herbicides (2,4-D and atrazine) in water solution [25] . The stability constants of the complexes were determined by the earlier developed chromatographic (HPLC) method based on the dependence between the guest retention time on the calixarene concentration in the eluent [26] . The binding constants (800-6650 M -1 ) depend on the conformation and stereochemical rigidity of the calixarene skeleton, the number of phosphoryl groups attached to the wide rim of the macrocycle, and the acidity (basicity) of the guest. The complexes may be stabilized by hydrophobic, electrostatic, and π-π interactions.
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Calixarene receptors 1453 The thiacalix [4] arenes functionalized at the wide rim of the macrocycle with tert-butyl or aniline residues selectively bind fullerenes (Fig. 9) . The stronger binding of C 60 compared to C 70 can be explained by a better geometrical fit between the host and the guest [27] .
Molecular capsules are promising self-assembling receptors which may be used as sensitive materials in chemosensors [28] . Two molecules of the thiacalixarene bearing four carbamoyl-phosphine oxide groups at the wide rim of the macrocycle form dimeric capsules stabilized by a seam of eight NH … O=P hydrogen bonds. The volume of the cavity was estimated to be 370 Å 3 . This can be filled with a solvent molecule (chloroform, benzene, toluene) or such a complementary cation as tetraethylammonium or cobaltocenium (Fig. 10) [29] .
The design of receptors for biorelevant molecules is an important trend in sensor technology since it enables the rational construction of the sensitive materials for diagnostic systems of biomedical application. On the basis of phosphorylated calixarenes, we have obtained novel receptors for amino acids (Fig. 11) [30] . The calixarene-bis-hydroxymethylphosphonic acid forms stable complexes with dipeptides ( Fig. 12 ) [31] which are found in many biologically relevant compounds such as hormones, antibiotics, toxins, and enzyme inhibitors.
The calixarene platforms were used for the design of receptors binding the biologically and medically relevant uracil and adenine derivatives [32, 33] . The stability constants of the complexes with a set of uracil and adenine derivatives determined by HPLC in acetonitrile/water mixtures are shown in Fig. 13 . The calixarenes functionalized at the wide rim of the macrocycle with methylenebisphosphonic acid residues inhibit the alkaline phosphatases [34] with inhibition constants up to 0.38 µM.
The efforts were also made to design the chiral calixarenes hosts and inhibitors [35] [36] [37] . The chiral calixarene bisaminophosphonic acid shows stereoselective inhibition of alkaline phosphatase. Namely, the RR isomer is about 50 times more effective than its SS counterpart (Table 1 ) [37] . Table 1 Stereoselective inhibition of porcine kidneys alkaline phosphatase by the calixarene aminophosphonic acids (UV/vis, 0.1 M Tris-HCl buffer, pH 9, 296 K).
CONCLUSIONS
Calixarenes functionalized with metal-coordinating, H-donor, and H-acceptor groups are efficient and selective receptors for various cations, anions, neutral molecules, and biorelevant compounds. The calixarenes obtained were used as sensitive layers in the chemosensor devices [39] [40] [41] ganic molecules. This sensor technology will be used for the determination of toxic and hazardous compounds in the environment as well as for quality control of food and cosmetics.
